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CHAPTER I 

1 NTRODU CTI ON 

Vertical ve loc i ty  i s  a useful  atmospheric parameter because it can 

i d e n t i f y  areas where s i g n i f i c a n t  weather such as clouds and 

p r e c i p i t a t i o n  are l i k e l y  t o  occur. For mesoscale dynamics, t h e  

magnitude of t h e  v e r t i c a l  component of t h e  wind i s  about two or t h ree  

o rde r s  smaller than the  magnitude of the ho r i zon ta l  components. Since 

t h e  quan t i ty  i s  so small, i t  is  d i f f i c u l t  t o  obtain d i r e c t  measurements 

which are r e l i a b l e .  Ins tead ,  various methods have been devised t o  

I der ive  t h e  v e r t i c a l  component of motion from o the r  a v a i l a b l e  parameters 

such as pressure,  temperature, or horizontal  winds. Some of t hese  are 

described by Miller and Panofsky (1958). 

I Many s t u d i e s  have been undertaken t o  compare the  r e s u l t s  of var ious 

1 computation methods of v e r t i c a l  veloci ty  f o r  synoptic and l a rge  scales 

of motion (eg., Panofsky, 1946; O ’ N e i l l ,  1966; Djuric,  1%9; 
I 

I 
, Smith, 1971; Kung, 1972; Kung, 1973; S tuar t ,  1974; Smith and Lin, 1978; 

White, 1983; Lamb and P o r t i s ,  I S & > .  For these s c a l e s  of motion, t h e  

kinematic and ad iaba t i c  methods and the  quasi-geostrophic omega equation I 

are general ly  employed. The f i r s t  two methods are described i n  d e t a i l  

by Panofsky (1946) and by Pet tersen (1956). These two method make use 

I of the  ho r i zon ta l  wind f i e l d ,  but the  kinematic method i s  based on t h e  
I 

concept of mass con t inu i ty ,  while t h e  ad iaba t i c  method presumes 

i s e n t r o p i c  flow. The t h i r d  method, t h e  quasi-geostrophic omega 

equation, uses a r e l a t i o n  between v o r t i c i t y  advection and thermal 

advection t o  estimate v e r t i c a l  ve loc i ty  (Holton, 197 9). 
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Unfortunately, few v e r t i c a l  ve loc i ty  s t u d i e s  have been documented 

f o r  mesoscale phenomena. Bolton (1979) states t h a t  s ince  the  Rossby 

number approaches 1 a t  t h i s  s ca l e ,  t he  quasi-geostrophic omega equation 

i s  The kinematic 

method i s  favored f o r  the  ca l cu la t ion  of mesoscale v e r t i c a l  v e l o c i t i e s  

(eg. ,  Fankhauser, 1969; Fuelberg and Lee, 1983). The only assumption i s  

hydros ta t ic  balance, and i t  r equ i r e s  knowledge only of t h e  divergence of 

t he  hor izonta l  wind. Since non-divergent approximations such as 

geostrophic flow produce t r i v i a l  kinematic r e s u l t s ,  it is  necessary,  

then, t o  use ac tua l  wind observat ions.  These da t a  a r e  sparse  and o f t en  

inaccurate.  Some sources of e r r o r  i n  wind da ta  a r e  due t o  the  measuring 

instruments and phenomena which a r e  of smaller s c a l e  than the  s t a t i o n  

spacing. Additional inaccuracy is  introduced by in t e rpo la t ing  t h e  

sparse ,  irregularly-spaced da ta  onto a gridded f i e l d  and by using f i n i t e  

d i f fe rences  t o  approximate de r iva t ives  (eg. ,  Kurihara, 1961; Belt and 

Fuelberg, 1982; Smith and Les l i e ,  1984). 

no t  a v a l i d  so lu t ion  t o  v e r t i c a l  ve loc i ty  es t imat ion.  

An a l t e r n a t i v e  technique f o r  ca l cu la t ing  v e r t i c a l  motion is  t h e  

ad iaba t i c  method. This method incorporates  t he  thermodynamic p rope r t i e s  

of temperature tendency, thermal advection and s t a t i c  s t a b i l i t y  i n t o  the  

ca lcu la t ion .  This method f a i l s ,  though, when the  environmental l apse  

r a t e  approaches the  dry ad iaba t i c  lapse  r a t e  o r  when d i a b a t i c  processes 

v i o l a t e  t h e  assumption of ad iaba t i c  flow. 

A comparison of the  two independent methods shows complementary 

s t rengths  and weaknesses. Strengths  of t he  kinematic method are t h a t  1) 

i t  is  based on the  simple p r i n c i p l e  of mass cont inui ty ,  and 2) only 

knowledge of the  hor izonta l  wind f i e l d  is  required.  Weaknesses of the  

kinematic method a r e  1) - the method i s  very s e n s i t i v e  t o  da ta  e r r o r s  and 
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da ta  in t e rpo la t ion ,  and 2) v e r t i c a l  i n t eg ra t ion  causes e r r o r s  t o  

accumulate. A cor rec t ion  scheme may be implemented t o  reduce t h e  b i a s  

e r r o r s ;  however, t h i s  may r equ i r e  one o r  more boundary condi t ions t o  be 

imposed (Lateef ,  1%7;  Fankhauser, 1969;  O'Brien, 1970). Advantages of 

t he  ad iaba t i c  method are t h a t  1 )  add i t iona l  information about t h e  

atmosphere i s  incorporated i n t o  the  ca lcu la t ion  and 2) t h e r e  i s  no need 

to impose boundary condi t ions.  Disadvantages of the  ad iaba t i c  method 

are t h a t  1) i t  can only be used where the flow is  near ly  2) 

it r equ i r e s  f requent  temperature  observations so t h a t  temperature 

tendency can be accura te ly  est imated,  and 3 )  i t  becomes uns tab le  f o r  

nea r ly  n e u t r a l  l ayers  where the  s t a t i c  s t a b i l i t y  parameter approaches 

zero.  

ad iaba t ic ,  

To combine the  s t r eng ths  of t he  methods, a hybrid v e r t i c a l  ve loc i ty  

algorithm, which is  a v a r i a t i o n a l  mesh of t he  kinematic and ad iaba t i c  

methods, i s  developed. The r e l a t i v e  weights accorded t o  t h e  schemes a r e  

determined from t h e  e r r o r  var iance of the  measurements, cloud top  

temperatures deduced from the  Geostationary Operational Environmental 

S a t e l l i t e  (GOES) d i g i t a l  i n f r a red  data ,  and s ta t ic  s t a b i l i t y .  The 

kinematic method i s  assigned g r e a t e s t  weight near the  surface,  in deep 

cloudy regions,  and i n  layers of near n e u t r a l  s ta t ic  s t a b i l i t y .  The 

ad iaba t i c  method rece ives  g r e a t e s t  weight i n  l aye r s  no t  influenced by 

d i a b a t i c  heating: c l e a r  regions and l e v e l s  near  and above the  

tropopause. This a lgori thm is t e s t ed  with the  Atmospheric V a r i a b i l i t y  

Experiment - Severe Environmental Storms and Mesoscale Experiment 

(AVE-SESAME) 1 case period (122 10 A p r i l  - 122 11 Apr i l  1979) da t a  set. 



4 

CHAPTER 11 

DESCRIPTION OF METHODS 

A. Kinematic Method 

The kinematic method i s  based on t he  conservat ion of mass 

p r inc ip l e .  Solving f o r  w , t h e  v e r t i c a l  component of ve loc i ty  i n  

pressure  coordinates,  t h i s  becomes symbolically,  

Here, u i s  t h e  x-component of motion and v i s  t h e  y-component of motion. 

This method v e r t i c a l l y  i n t e g r a t e s  divergence through the  domain. 

Since non-divergent wind approximations a r e  inappropriate ,  ac tua l  wind 

observations must  be used t o  determine hor izonta l  divergence. The 

divergence i s  very s e n s i t i v e  t o  e r r o r s  i n  the  hor izonta l  wind f i e l d .  

Holton (1979) relates t h a t  a 10% e r r o r  i n  one wind component can lead t o  

a 100% er ror  i n  hor izonta l  divergence. The divergence i s  a l s o  very 

s e n s i t i v e  t o  da ta  in t e rpo la t ion  and t o  t h e  approximation of t he  

hor izonta l  der iva t ives .  Appendix A shows t h a t  these d i f f i c u l t i e s  can 

lead t o  subs t an t i a l  v e r t i c a l  ve loc i ty  magnitudes i n  a non-divergent wind 

f i e l d .  These e r r o r s  i n  t h e  hor izonta l  divergence sum upward from t h e  

bottom of a column and can become very la rge  a t  t he  top. To help  

a l l e v i a t e  t h i s  problem, a co r rec t ion  method can be u t i l i z e d .  

One method f o r  cor rec t ing  v e r t i c a l  v e l o c i t i e s  is suggested by 

Lateef ( 1 %7) as 

where the  primed value i s  t h e  adjusted ve loc i ty ,  k i s  an index 
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des igna t ing  an ind iv idua l  layer  of constant  pressure  depth, K i s  the  

t o t a l  number of l aye r s  of constant  pressure depth, wK i s  t h e  ca lcu la ted  

value of v e r t i c a l  motion a t  l ayer  K ,  and oT i s  an estimated value a t  K. 

Another co r rec t ion  technique i s  the O'Brien (1970) scheme. This 

co r rec t ion  technique uses mass cont inui ty  and an estimate of v e r t i c a l  

ve loc i ty  a t  t he  top of t he  column as cons t r a in t s .  From these  

cons t r a in t s ,  weighted adjustments a re  determined and appl ied t o  the  

v e r t i c a l l y  in tegra ted  divergences. The value of t he  weights, known a s  

Gauss prec is ion  moduli, is  determined from the  r e l a t i v e  measurement 

accuracy of t he  hor izonta l  wind. 

1 - -  
*i - 2 

2Ei 
( 2 . 3 )  

Here,  IT^ is  the  Gauss prec is ion  modulus and ci2 i s  t h e  e r r o r  var iance 

of a va r i ab le ,  i. Lf E represents  t h e  e r r o r  var iance of the  

hor izonta l  wind measurement and i s  considered t o  be independent of 

pressure,  then O'Brien's method s i m p l i f i e s  t o  t h a t  of Lateef.  O'Brien 

V 

(1  970) s t a t e d  t h a t  t h e  e r r o r  i n  rawinsonde wind measurements increases  

with height .  He assumes E t o  b e  a l i n e a r  func t ion  of pressure;  thus,  

t h e  v e r t i c a l  ve loc i ty  co r rec t ion  becomes 

V 

% =  
These approaches have the  

v e l o c i t y  a t  t he  top  of 

(2 .4 )  

unfortunate property t h a t  they fo rce  t h e  

the  column t o  a preset va lue  and can t r a n s f e r  

e r r o r s  from the  lower troposphere into t he  upper troposphere and 

s t ra tosphere .  These e r r o r s  can become u n r e a l i s t i c a l l y  l a rge  near  and 

above the  tropopause. 



Kinematic v e r t i c a l  v e l o c i t i e s  are calculated i n  a case study 

performed by Smith (1971). I n  t h i s  e f f o r t ,  which u t i l i z e d  both t h e  

Lateef and O’Brien adjustments, t he  O‘Brien co r rec t ion  method produced 

r e s u l t s  which b e t t e r  represented the  observed weather conditions.  

Pedder (1981) s ta tes ,  though, t h a t  the  O‘Brien method i s  only s l i g h t l y  

b e t t e r  than Lateef’s. H e  notes  t h a t  O’Brien only considers t h e  e r r o r  

var iance of t h e  horizontal  divergence estimate. Other e r r o r s  e x i s t  due 

t o  assuming a l i n e a r  v a r i a t i o n  of divergence i n  the  sampling l aye r s  and 

t o  assuming t h a t  t he  divergence e r r o r s  are v e r t i c a l l y  uncorrelated.  

Pedder suggests t h a t  t h e  na tu re  of t h e  wind da ta ,  f o r  example, be 

considered before an optimal adjustment scheme i s  chosen. 

Strengths of t he  kinematic method are t h a t  1) it is  based on t h e  

simple p r inc ip l e  of mass cont inui ty ,  and 2) only knowledge of t h e  

ho r i zon ta l  wind f i e l d  i s  required,  i.e. no add i t iona l  processes such as 

heat ing a r e  involved. Weaknesses of t h e  kinematic method are t h a t  1) 

t h e  method is very s e n s i t i v e  t o  d a t a  e r r o r s  and data  in t e rpo la t ion ,  and 

2) v e r t i c a l  i n t eg ra t ion  causes e r r o r s  t o  accumulate a t  t he  top of a 

column. 

B. Adiabatic Method 

The adiabat ic  method of ca l cu la t ing  v e r t i c a l  motion includes 

thermodynamic propert ies  of t he  atmosphere. I t  i s  derived from t h e  

F i r s t  Law of Thermodynamics with the  assumption t h a t  no hea t  i s  l o s t  o r  

gained. 

I n  t h i s  formulation, c i s  t h e  

s p e c i f i c  volume, and 4 is 
P 

$PId, = = 0 

s p e c i f i c  hea t  

t h e  d i a b a t i c  

(2.5) 

of dry a i r ,  a i s  the  

heating rate. The t o t a l  
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temperature de r iva t ive  is expanded and w i s  subs t i t u t ed  f o r  Dp/Dt t o  

y i e l d  the  f i n a l  form. 

dT (2.7) 
s = aT/ - Id* . where, a P .  

Here - aT  is t h e  temperature tendency, - $ e 0  T is  t h e  hor izonta l  thermal a t  P 
advection, and s is  the  s ta t ic  s t a b i l i t y  parameter. 

The temperature tendency is  a d i f f i c u l t  quant i ty  t o  estimate s ince  

frequent  temperature observat ions a re  necessary.  Panof sky (1 %4) 

approximates the  temperature tendency with one-half the  value of the  

temperature advection. Fig. 2.1 shows two ad iaba t i c  v e r t i c a l  ve loc i ty  

f i e l d s .  One uses th ree  hourly temperature observat ions t o  c a l c u l a t e  

temperature tendency, and t h e  o ther  uses Panofeky's approximation. The 

v e r t i c a l  ve loc i ty  f i e l d s  are very s imilar .  The s ign of t he  v e r t i c a l  

ve loc i ty  i s  the  same i n  most areas,  but  t he  magnitudes a r e  somewhat 

d i f f e r e n t .  

Advantages of t h e  ad iaba t i c  method are t h a t  1 )  add i t iona l  

information about the  atmosphere is  incorporated i n t o  the  ca l cu la t ion  

and 2) t h e r e  is no need t o  impose boundary condi t ions.  Disadvantages of 

t h e  ad iaba t i c  method are t h a t  1) i t  can only be used where the  flow is  

nea r ly  ad iaba t i c ,  2) i t  i s  bene f i c i a l  t o  have frequent  temperature 

observat ions so t h a t  temperature tendency can be accura te ly  estimated, 

and 3)  it becomes unstable  f o r  near ly  neu t r a l  l aye r s  where t h e  s ta t ic  

s t a b i l i t y  parameter approaches zero. 
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b) 

Pig. 2 .1 .  Vertical velocity f i e l d s  (cm/s> a t  550 mb calculated w i t h  
adiabatic method. Temperature tendencies are estimated by 
a>  6-hour Centered difference and by b) Panofsky's 
approximation. 
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C. Va r i a t iona l  Approach 

The v a r i a t i o n a l  algorithms presented here  a r e  p a r t  of a more 

general  d iagnos t ic  numerical model developed by Achtemeier (1 97 5 )  and 

Achtemeier e t  a1 (1984, 1985, 19&b,  1 9 8 6 ~ ) .  The model i s  set up on a 

Cartesian hor izonta l  coordinate system and a pressure-sigma v e r t i c a l  

coordinate  system ( P h i l l i p s ,  1957; Shuman and Hovermale, 1968). This 

non-linear v e r t i c a l  coordinate,  displayed i n  Fig. 2.2, is a t e r r a i n  

following system from t h e  sur face  t o  a predetermined l e v e l ,  p*. Above 

p*, t he  v e r t i c a l  coordinate  is coincident with constant  pressure  

sur faces .  I t s  s e l e c t i o n  i s  based on the s impl i c i ty  of t h e  boundary 

condi t ion a t  

sur faces  above p*. 

t he  sur face  and on t h e  computational ease a t  the  pressure  

The equation r e l a t i n g  t h e  pressure coordinate8 t o  t h e  sigma 

coordinates  above p* i s  
* p-P, 

u = u (7) 
P -P, 

where CJ* i s  d p * ) ,  p, i s  the  pressure a t  t he  top of t he  domain. For 

t h i s  work, p* is 700 mb and p is 100 mb. The ad iaba t i c  equation of 

v e r t i c a l  ve loc i ty  i s  provided by Eq. 2.6. Below p*, t h i s  coordinate  

r e l a t i o n s h i p  is t he  cubic polynomial 

U 

where, 

P -P, 

(2.10) 

with  p being t h e  sur face  pressure.  In t h i s  region, t h e  ad iaba t i c  

v e r t i c a l  ve loc i ty  formulation, with R represent ing t h e  gas constant  f o r  
S 

dry a i r ,  i s  

RT u* 1-1 - aT, 1-1 (2.11) 

cPp P*-P, 
= ( aT lat + V*VuT){--13(p-p*)* i- - a0 
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The v a r i a t i o n a l  algorithm f o r  ca lcu la t ing  v e r t i c a l  motion combines 

sa te l l i t e  da ta  with conventional data. The conventional da ta  a r e  

assigned weights according t o  t h e i r  r e l a t i v e  measurement accuracies.  

The s a t e l l i t e  da t a  are used t o  determine weights assigned t o  the  

independent, ad i aba t i c  estimate of v e r t i c a l  motion. The da ta  are 

adjusted by a least squares approach t h a t  requi res  mass cont inui ty  t o  be 

s a t i s f i e d .  

The q u a n t i t i e s  t o  be minimized are  contained i n  t h e  funct ion I, 

wr i t t en  f o r  a nonl inear ,  sigma v e r t i c a l  coordinate.  

Here, rl and r2 are the  assigned weights, u" and vo are observed data ,  

Go is  the  ad iaba t i c  estimate of v e r t i c a l  motion, i s  the  Lagrange 

m u l t i p l i e r  and m i s  t h e  constraining cont inui ty  equation in sigma 

coordinates  (Shuman and Hovermale, 1968). Symbolically, 

(2.13) 

where Go= 6 a t  the  surface,  F i s  a func t ion  including t h e  surface 

m = /9(aU/,x + av /ay) da + 6 - QoG0 + /QF da = 0 

v e r t i c a l  ve loc i ty  and f a c t o r s  t o  transform the  equation t o  a Lambert 

conformal map image project ion,  and Q is a f r a c t i o n a l  quant i ty  r e l a t e d  

t o  t h e  pressure thickness  of a layer. 

Subjecting I t o  t h e  Euler-Lagrange operat ions (Sasaki,  1958) and 

s e t t i n g  t h e  r e s u l t s  t o  zero,  allows t h e  q u a n t i t i e s  u, v,  and 0 t o  be 
. 

min imiz ed . 
bu = lT1(U-UO) - (2.14) 

ax/  = 0 (2.15) aY bv = r1(v-v0) - 
(2.16) 



The e r r o r  var iance of t h e  hor izonta l  wind measurements i s  assumed t o  

vary only with height  and from the  formulation of t h e  cont inui ty  

equation, Eq. 2.13, 1 is a func t ion  of only t h e  hor izonta l  coordinates .  

Then, Eqs. 2.14 and 2.15 can be d i f f e r e n t i a t e d  and combined with 2.16 t o  

so lve  f o r  X . Here, X i s  expressed i n  t h e  form of a Helmholtz 

equation : 

2 bV A - aX + H = 0 (2.17) 

where 

and  

01  
Q/ d a  

IT1 
b =  (2.18) 

(2.19) 

. 0 1  (2.20) 
H = ( J O -  Q o  Go + laoQ(F + aU7 ax + avja,) du . 

The determination of t he  v a r i a t i o n a l l y  adjusted v e r t i c a l  motion i s  

a two-step process. F i r s t ,  wi th  the  vers ion  of t h e  Barnes (1973) scheme 

mentioned i n  Appendix A, t he  observed u and v components are 

in te rpola ted  t o  a 24 by 20 g r i d  a t  ten l eve l s .  From these  f i e l d s ,  t he  

kinematic v e r t i c a l  v e l o c i t i e s  and the  corresponding adjusted hor izonta l  

divergences are obtained using O'Brien's (1 970) method with the  surf ace 

v e r t i c a l  veloci ty  determined by 

-% 
ws = dPs/d t  = + v. vps . (2.21) 

Second, the kinematical ly  adjusted u and v components become the  

"observed" q u a n t i t i e s  i n  the  func t ion  t o  be minimized. A so lu t ion  i s  

obtained for the  Lagrange m u l t i p l i e r  using a successive over-relaxat ion 

technique (Forsythe and Wasow, 1%0), and t h e  v e r t i c a l  ve loc i ty  i s  found 

from the  cons t ra in ing  equat ion,  Eq. 2.13. There a r e  th ree  q u a n t i t i e s  
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which determine &he f i n a l  v e r t i c a l  veloci ty  value: t h e  average O'Brien 

ad jus ted  hor izonta l  divergence of the layer, the  ad iaba t i c  estimate, and 

t h e  v a r i a t i o n a l  r e s u l t  ca lcu la ted  f o r  t h e  l aye r  below. These f i n a l  

values  of can be converted t o  pressure  coordinate  v e r t i c a l  

v e l o c i t i e s  by using 
z *  J s z  4 w  * 

w = j (J + -(- ) 9 ,  P'P 
zs 

(2.22) 

where 

and 

. (2.23) 
w = ?  ; P L P  * 

a 

z = p - p *  

2 = p, - p* 

c( = -- U* 
P* - P, 

S 

J = 3Bz3 4- a z  
J = 3BzS3 -I- clzs . 
S 

1. Determination of Weights 

The Gauss prec is ion  moduli, IT,. and m2 are weights accorded t o  t h e  

divergences of t h e  hor izonta l  wind, which when v e r t i c a l l y  in tegra ted ,  

y i e l d  O'Brien cor rec ted  kinematic v e r t i c a l  v e l o c i t i e s  and t o  t h e  

a d i a b a t i c  estimates of v e r t i c a l  ve loc i ty ,  respec t ive ly .  More inf luence  

i s  given t o  t h a t  method which is  physical ly  more appl icable .  Namely, 

t he  kinematic values  are given g rea t e r  weight i n  regions of d i a b a t i c  

heat ing such as cloudy layers  and near t h e  sur face  and i n  n e u t r a l l y  

s t a b l e  layers .  More weight is suppiied t o  the ad iaba t i c  method i n  e l e a r  

o r  very s t a b l e  layers. 

The weight  IT^ is determined from the  r e l a t i v e  rawinsonde 

measurement e r r o r s  in  the  horizontal  ve loc i ty .  These are l i s t e d  i n  



Table 2.1 (Achtemeier e t  a l ,  1 9 % ~ ) .  The va lue  of IT i s  ca lcu la ted  as 

in  Eq. 2.3. 
1 

100 
200 
3 00 
400 
500 
6 00 
700 
800 
900 

1000 

4.5 
4.5 
4.2 
3 -6  
3.2 
3 .O 

2.4 
2.1 
2 00 

2. a 

Table 2.1. Root mean square e r r o r  (RMSE) of 
observed hor izonta l  v e l o c i t i e s .  

The eecond weight,  IT^ , incorporates  t h r e e  f a c t o r s  i n  i t s  

formulation: 1) e r r o r  var iance of t h e  ad iaba t i c  v e r t i c a l  ve loc i ty  

obtained from its approximation by measured q u a n t i t i e s ,  2) c loudiness  

along w i t h  r e l a t i v e  humidity, and 3)  s t a t i c  s t a b i l i t y  parameter, 8 .  

From these f a c t o r s ,  c r i t e r i a  are s e t  so t h a t  t he re  i s  physical  agreement 

between prevai l ing weather condi t ions and t h e  ad iaba t i c  assumption. 

A s e n s i t i v i t y  t e s t  i s  performed t o  determine bounds on t he  value of 

TT The u and v components of one case period, 122 10 A p r i l ,  are used 

t o  develop an O'Brien kinematic v e r t i c a l  ve loc i ty  f i e l d .  The ad iaba t i c  
2 

v e r t i c a l  ve loc i ty  f i e l d  is  s e t  i d e n t i c a l l y  t o  0. The value of  IT^ is  

increased u n t i l  the  r e s u l t i n g  w f i e l d  is  no t  s i g n i f i c a n t l y  d i f f e r e n t  

from the  ad iaba t ic  f i e l d .  

the  r e su l t i ng  w f i e l d  i s  no t  s i g n i f i c a n t l y  d i f f e r e n t  from the  

w f i e l d .  The bounds on T T ~  are found t o  be 10 and 

Likewise, the  value of IT2 i s  decreased u n t i l  

kinematic 

-2 
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I 

The cont r ibu t ion  from each factor  t o  t h e  determination of t h e  

weight is assumed t o  be l i n e a r  with the logarithm of v2 . The range of 

values  t h a t  each cont r ibu t ing  f a c t o r  m y  take  on i s  scaled from -2 t o  

+2. Thus, t h e  value of 7r2 is  t h e  anti-logarithm of a l i n e a r  

combination a s  described by Eq. 2 .24 .  

I / j ( A  + B + C) 7r2 = 10 ( 2 . 2 4 )  

Here, A i s  a value represent ing the  cont r ibu t ion  of t h e  measurement 

e r r o r ,  B i s  a value determining t h e  cont r ibu t ion  of cloudiness and 

moisture,  and C is  a value representing t h e  cont r ibu t ion  of t h e  

s t a b i l i t y  parameter. 

The development of t he  e r r o r  variances f o r  t he  ad iaba t i c  v e r t i c a l  

The prec is ion  moduli are determined ve loc i ty  is provided i n  Appendix B. 

as described before  i n  Eq. 2.3. 

The cloudiness i s  determined using GOES in f r a red  d a t a  and r e l a t i v e  

humidity f i e l d s  which are derived from rawinsonde soundings. The 

in f r a red  da ta  are converted t o  cloud top temperatures (Gibson a, 
1984). Each point  in t h e  2 4  by 20 g r i d  i s  assigned t h e  temperature 

value which is  the  average of a box, seven p ixe l s  on a s ide ,  centered on 

t h a t  point .  Any "questionable" pixel  whose value is much d i f f e r e n t  from 

t h a t  of its neighbors is  disregarded. A threshhold of -20 C i s  set  as a 

cloud top  temperature which could ind ica te  a region of s i g n i f i c a n t  cloud 

deveiopment. This temperature cu t  of€ i s  dcecribed by G r i f f i t h  

(197 8) a value which could ident i fy  p r e c i p i t a t i o n  producing clouds. 

Any g r i d  point  with a value g r e a t e r  than -20 C is  assigned 0 i n  the  

cloudiness array and t h e  remaining poin ts  assigned a value of 1. 

a s  
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Rela t ive  humidity da t a  a r e  used t o  g ive  a height  dimension t o  t h e  

two-dimensional c loudiness  array. For any cloudiness  poin t  defined as 

1, the  r e l a t i v e  humidity must be a t  least  60% f o r  a given layer or t h e  

value Any poin t  which d isp lays  a r e l a t i v e  

humidity value g rea t e r  than 90% i s  def ined as 1. This array i s  smoothed 

i s  r e s e t  t o  0 a t  t h a t  layer. 

with a f i l t e r  t o  eliminate the  abrupt s t e p  in the  f i e l d  while  va lues  

assigned as 1 r e t a i n  t h a t  value.  This a r r ay  is then scaled l i n e a r l y  

such tha t  a cloudiness  value of 0 corresponds t o  2 and a value of 1 

corresponds t o  -2. 

The f i n a l  f a c t o r  i s  t h e  s t a t i c  s t a b i l i t y  parameter. A major 

disadvantage t o  t h e  ad iaba t i c  method i s  t h a t  the  estimate of v e r t i c a l  

v e l o c i t y  "blows up" for near  n e u t r a l  l apse  rates where s approaches 0. 

A lower threshhold va lue  f o r  s of 20 K/layer o r  about 2K/100 mb is  set. 

This value was a l s o  used by Fuelberg and Lee (1983).  An upper bound f o r  

s of 100 K/layer  or about 11 K / l O O  mb is a l s o  set. This va lue  is 

determined from observat ions of f i e l d s  of s t a t i c  s t a b i l i t y  parameter for 

a l l  cases s tudied in t h i s  work. In the  s t a b i l i t y  a r ray ,  g r i d  po in t s  

with values l e s s  than 20 K/layer a r e  set t o  0 and g r i d  po in t s  with 

values  grea te r  than 100 K/ layer  are def ined as 1. The intermediate  s 

values  are  empir ical ly  given values  according t o  

S-50 2 - (12' 
; s c 40K/layer - c =  e (2.25) 

C = 1 - .5e ; s > 4OK/layer . (2.26) 

These piecewise continuous curves are se l ec t ed  such t h a t  t he  mean s 

value receives about 50% weight and such t h a t  s values  j u s t  l a rge r  tban 

20 K/layer rece ive  very l i t t l e  weight and those s l i g h t l y  smaller than 
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100 K/layer rece ive  a weight of nearly 1. As with the  cloudiness  array, 

the  s t a b i l i t y  i s  l i n e a r l y  scaled but with 0 corresponding t o  -2 and 1 

corresponding t o  2. 

Instead of a simple average exhibited by Eq 2.24,  a weighted 

average is  employed. This allows the cont r ibu t ion  of t h e  terms t o  be 

increased o r  diminished according t o  physical  conditions.  The form of 

t h i s  expression of appears  i n  E q .  2.27. 

1 aA + bB + CC 
( a + b + c  

7r2 = 10 
(2.27) 

where a ,  b, and c a r e  the  weighting c o e f f i c i e n t s  mul t ip l ied  t o  t h e  

terms, A, B, and C, respec t ive ly .  Since many assumptions are used i n  

developing t h e  e r r o r  var iance of w, it is given l e a s t  weight. The 

c o e f f i c i e n t  Any 

r e l a t i v e  humidity values  g r e a t e r  than 90% provide addi t iona l  h f  luence 

f o r  e r r o r  var iance  is  set t o  a constant  value of 0.25.  

f o r  t he  cloudiness  array because f o r  very moist condi t ions the  kinematic 

method should dominate. When t h i s  c r i t e r i a  i s  m e t ,  t he  c o e f f i c i e n t  is 

set t o  a constant  value of 50. This quan t i ty  is  se l ec t ed  such t h a t  

extreme values  of s t a b i l i t y  parameter may over r ide  t h e  cont r ibu t ion  by 

cloudiness  and moisture.  S t a b i l i t y  parameters near  zero  are weighted t o  

in su re  t h a t  t he  kinematic method dominates, and extremely s t a b l e  l aye r s  

are given e x t r a  weight t o  override any cloudiness.  Therefore, any 

values  of s l e s s  than 20 K/layer or any values  g r e a t e r  than 85 K/layer 

increase  the  s t a t i c  s t a b i l i t y  contr ibut ion.  This i s  done by def in ing  

empir ica l  func t ions  t o  ass ign  the  coef f ic ien t .  These func t ions  are 

provided i n  E q s .  2 . 2 8  and 2.29. 

c - 5 2  (2.28) 
; s < 20Kflayer - (-3- 

c =,lo0 e 
(2.29) 

; s > 85K/layer - c = 100 e 



Fina l ly ,  the weighted average of t he  t h r e e  f a c t o r s  is  determined. The 

value of r2 i s  t h e  anti-logarithm of t h e  average. 

The f i e l d s  of r2 prove t o  be very noisy,  and t h e  f i e l d s  are 

smoothed before  incorporat ing them in t h e  v a r i a t i o n a l  algorithm. The 

smoothing technique employed i n  t h e  i n t e r i o r  of t he  f i e l d  i s  t h e  

s inusoidal  funct ion (Oppenheim and Schafer,  1975) 

3 3  

q50 rEo f q r  Qi+q, j+r 
Q , . =  3 3 

(2.30) 

where 
c C f  

q = O  r = O  qr 
A 9 J  

where QL 

u n i t s .  A l i n e  i n t e g r a l  scheme is  used around the  edge. 

is a quant i ty  a t  point  i , j  and n is  a d i s t ance  in g r i d  space 

- QG2 + 4QL-, + 6QL + 4QL+1 + QL+2 
QL - 16 

(2 .31 )  

Here, L r e f e r s  t o  i along t h e  east-west edges and t o  j along t h e  

north-south edges 



19 

t 

CHAPTER 111 

DATA AND SYNOPTIC AND MESOSCALE CONDITIONS 

The da ta  used t o  test t h e  va r i a t iona l  v e r t i c a l  ve loc i ty  algorithm 

is  from t h e  f i r s t  case period of t he  AVE-SESAME. This study spanned the  

period of 12Z 10 Apri l  - 122 11 A p r i l  1979. Alberty e t  a1 (1980) r epor t  

t h a t  during t h i s  t i m e ,  89 severe weather events including four  k i l l e r  

tornadoes occurred. This da t a  set i s  chosen, no t  f o r  i t s  eventfulness ,  

but r a t h e r  f o r  t he  increased density,  f o r  the frequency of rawinsonde 

observat ions with coincident  s a t e l l i t e  measurements, and f o r  i t s  v a s t  

documentation. 

The area of t h i s  experiment was concentrated in t h e  Central  and 

South Central  United S ta tes .  Sixteen supplemental rawinsonde si tes were 

set up t o  be used in  addi t ion  t o  t h e  regular ly  ex i s t ing  National Weather 

Service sites. Fig. 3.1 d i sp lays  the  domain used i n  t h i s  work with 

rawinsonde sites noted. The dashed l i n e  borders t h e  data-r ich region, 

and r e s u l t s  obtained outs ide  t h i s  region should be considered inva l id .  

Observations were conducted every three hours. Table 3.1  lists t h e  

number of repor t ing  s t a t i o n s  f o r  each t i m e  period. 

N o . &  
Observing Time ReDortinn S ta t ions  

10 Apri l  122 
15Z 
182 
21 z 

11 Apri l  OOZ 
032 
06 Z 
0 9z 
12z 

3 4  
37 
36 
36 
35 
3 8  
3 4  
35 
3 4  

Table 3.1.. Number of rawinsonde s t a t i o n s  
repor t ing  during AVE-SESAME I . 
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2 1  

S i x  var i ab le s  a r e  ex t rac ted  from the  da ta  set f o r  t h i s  study. They 

are pressure,  temperature, wind speed, wind d i r ec t ion ,  mixing r a t i o  and 

geopotent ia l  height.  The wind speed and d i r ec t ion  are converted t o  x 

and y components, and t h e  r e l a t i v e  humidity is  ca lcu la ted  from the  

mixing r a t i o .  These observations are analyzed onto a gridded f i e l d  by 

t h e  aforementioned vers ion of the Barnes (1973) ob jec t ive  ana lys i s  

scheme. This f i e l d  i s  a 2 4  by 20 point  Cartesian g r i d  overlying a 

Lambert conformal map pro jec t ion  image. One g r i d  space u n i t  i s  100 km. 

The o r ig in  of t h e  g r i d  i s  27" N, 110" W with the  western border lying 

along 110" W. 

The hor izonta l  components of veloci ty  are staggered by one-half 

g r i d  space. Divergence is found for t h e  center  of a g r i d  square, and 

v e r t i c a l  motion i s  located d i r e c t l y  above the  divergence a t  one-half the  

layer  pressure  thickness.  (Refer t o  Fig. 3.2.) A l l  tendencies a r e  

ca lcu la ted  using centered t i m e  d i f fe rences ,  except t h e  f i r s t  and las t  

t i m e  periods which use uncentered differences.  

Descr ipt ions of the synoptic and mesoscale condi t ions are provided 

by many sources (eg., Moore and Fuelberg, 1981; Carlson e t  a1,198); 

Vincent and Homan,  1983; Homan and Vincent, 1983). The following is  a 

summary of t h e  preva i l ing  conditions. 

A t  t h e  sur face  during most of t h e  t i m e  in question, t he  eas t e rn  

ha l f  of t h e  United S t a t e s  w a s  under the  inf luence of high pressure  and 

experiencing cool ,  dry condi t ions.  A low pressure  center  was anchored 

i n  Colorado and remained a t  near ly  the  same loca t ion  and in t ens i ty .  

moist According t o  Moore and Fuelberg (19811, a t  122 10 Apri l  a i r  

from the  Gulf of Mexico was being advected over southern Texas i n  lower 

l eve l s ,  and a dry l i n e  was developing over western Texas. A t  700 mb, 
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Fig. 3 . 2 .  Schematic of variable location6 upon grid.  
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southwesterly brought dry air  t o  o v e r l i e  t h e  moist  a i r  a t  t h e  Red 

River Val ley .  An amplifying wave extending from Washington t o  New 

Mexico appeared a t  300 mb along with a weakening s h o r t  wave over t h e  

Midwest. 

flow 

Also a t  300 mb, the re  i s  a j e t  s t r eak  over northern Mexico. 

By 1& 10 Apr i l ,  t h i s  jet  s t reak  is located j u s t  w e s t  of a s h o r t  

wave trough. Moore and Fuelberg be l i eve  t h a t  t he  propagation of t h i s  

upper l e v e l  je t  s t r e a k  played a major r o l e  in t h e  Red River Valley 

tornado outbreak. They associate t h i s  j e t  s t r eak  with t h e  formation of 

a s t rong  low l e v e l  j e t  and small-scale sur face  pressure  per turba t ions .  

"hie  theory is supported by Vincent and Homan (1983). They used 

barograph t r aces  t o  loca t e  two meso-low centers .  One of these  mesolows 

developed in t h e  Texas panhandle a t  19-202 10 Apri l  and moved slowly 

eastward in t ens i fy ing  a t  20-222. Another meso-low system occurred in 

n o r t h  c e n t r a l  Texas a t  1-22 11 April .  
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CHAPTER 1 V  

RESULTS 

A. Vertical Velocity Resul ts :  Eiorizontal F i e lds  

O’Brien adjusted kinematic, ad i aba t i c ,  and v a r i a t i o n a l  v e r t i c a l  

v e l o c i t i e s  a r e  ca lcu la ted  f o r  each t i m e .  Presented for t h i s  study are 

122 and 18z (10 Apri l )  and 02 and 62 (11 Apri l ) .  These t i m e s  are 

se lec ted  so t h a t  t h e  two middle times, 182 and 02, a r e  wi th in  the  period 

of severe s t o r m  a c t i v i t y  and t h e  remaining t i m e s ,  122 and 62, represent  

pre-storm and post-storm condi t ions,  respec t ive ly .  The displayed f i e l d s  

are f o r  the 450 mb and 150 mb leve l s .  

The 122 resu l t s  f o r  t h e  kinematic method are s h a m  i n  Fig. 4.1. A t  

450 mb, t h e r e  e x i s t s  a band of in tense  upward motion ly ing  across  upper 

New Mexico and s t r e t ch ing  northeastward t o  northwest Kansas. A region 

of Most of 

t he  Midwest i s  experiencing downward motion, and a loca l i zed  a r e a  of 

subsidence is present  over southeast  Oklahoma. A t  t he  150 mb l e v e l ,  

very intense regions of upward motion occur over N e w  Mexico (magnitudes 

g r e a t e r  than 20 cm/s), over t he  Nebraska-Kansas border and southwestern 

Texas. intense cen te r s  of s inking motion are evident  over Iowa, t h e  

Texas panhandle and c e n t r a l  Texas. 

upward motion i s  found a t  northern Miss i ss ippi  and Alabama. 

The ad iaba t i c  motion f i e l d s  for 122 appear i n  Fig. 4.2. Here, a t  

450 mb, upward motion i s  found over northern Colorado, t he  Texas 

panhandle, and the  Missouri-Arkansas border.  Downward motion i s  not iced  

over eaetern Oklahoma and Kansas. A t  t he  150 mb l e v e l ,  weak r i s i n g  

motion i e  present  i n  two bands: one extending from eas t e rn  Texas through 

c e n t r a l  Oklahoma and Kansas and i n t o  northern Missouri  and another from 

eas t e rn  Louisiana through Miss i ss ippi  and i n t o  c e n t r a l  Texas. 
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Pig. 4.1 .  Vertical velocity f i e lds  (cm/s) €or 122 10 April 1979 
calculated by the O'Brien adjusted kinematic method at  a> 
150 mb and b) 450 mb. 
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Fig. 4 .2 .  Vertical ve loc i ty  f i e l d s  (cm/s) for 122 10 A p r i l  1979 
450 calculated by the adiabatic method a t  a)  150 mb and b) 

mb . 
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Except f o r  t he  subsidence over eas t e rn  Oklahoma, t he  two v e r t i c a l  

v e l o c i t y  f i e l d s  a t  450 mb show l i t t l e  resemblance. The kinematic 

p a t t e r n  compares w e l l  with the  f i e l d  of l a rge ly  non-precipi ta t ing clouds 

over Kansas, Colorado, and N e w  Mexico. The upward ad iaba t i c  v e r t i c a l  

v e l o c i t y  cen te r  Over c e n t r a l  Texas a t  450 mb i s  assoc ia ted  s t rong  

warm advection with l i t t l e  compensating temperature  change. S imi la r ly ,  

t h e  s inking ad iaba t i c  cen te r  over southwestern Texas i s  r e l a t e d  t o  

s t rong  cold a i r  advection with small compensating temperature tendency. 

The r e l a t i v e l y  s m a l l  magnitudes of ad iaba t i c  v e r t i c a l  ve loc i ty  a t  150 mb 

are i n d i c a t i v e  of t he  s t a b l e  lapse rates of t he  lower s t ra tosphere .  

wi th  

The f i e l d  of weighting f a c t o r  , r2 , i s  displayed i n  Fig. 4.3. The 

f i e l d  is contoured using the  logarithm of the  value.  P o s i t i v e  valued 

contours  represent  areas where ad iaba t i c  method is rece iv ing  more 

weight, and negat ive  values ind ica t e  t h a t  t h e  O'Brien cor rec ted  

hor izonta l  divergences are given a s t ronger  influence.  The cont r ibu t ing  

f a c t o r s  of s t a b i l i t y  and of cloudiness with r e l a t i v e  humidity are shown 

i n  Fig. 4.4. The s t a b i l i t y  f i e l d ,  Fig. 4.4a, e x h i b i t s  areas of near  

n e u t r a l  l apse  rates over the  Red River Val ley  and in extreme 

southwestern Texas. The f i e l d  i n  Fig. 4.4b shows t h a t  d i a b a t i c  

processes such as l a t e n t  heating may be present  in western New Mexico 

and western Colorado and i n  a band across  Kansas and Missouri. i n  t hese  

regions,  t he  ad iaba t i c  method should r ece ive  s m a l l  inf luence.  The GOES 

i n f r a red  image exhib i ted  in  Fig. 4.5 shows a lack  of co ld  cloud t o p  

temperatures over Texas and northern Louisiana. This i s  possibly due t o  

t h e  absence of moisture i n  the  upper l aye r s  even though upward motion 

exists. Another c l e a r  a rea  is prevalent  over Oklahoma due t o  

subsidence. The cold cloud tops over the  Midwest are probably high cold 



Fig. 4 . 3 .  Field of log(n2) for 122 10 A p r i l  1979 at 450 mb. 

i 
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Fig. 4.4. F i e l d s  of a) s ta t i c  s t a b i l i t y  parameter (K/layer) and b) 
450 clouds with re la t ive  humidity for 122 10 Apr i l  1979 a t  

mb . 
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Fig .  4.5.  GOES i n f r a r e d  image € o r  12302 10 A p r i l  1979- 
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c i r r u s  clouds s ince  the re  i s  low r e l a t i v e  humidity in t he  middle layers .  

This i s  r e f l e c t e d  i n  the  weighting function, Fig. 4 . 3 ,  s ince  increasing 

inf luence  i s  given t o  the  ad iaba t i c  es t imate  i n  t h a t  region. 

In Fig. 4.6 are the  r e s u l t i n g  v a r i a t i o n a l  v e r t i c a l  motion f i e l d s .  

0 A t  450 mb, the  i s o l i n e  of r2 = 10 i s  depicted on t he  v e l o c i t y  f i e l d .  

I t  is along t h i s  contour t h a t  t he  ad iaba t ic  estimate and the  average 

hor izonta l  divergence assume nearly equal weight. Noticeable f e a t u r e s  

of t he  v a r i a t i o n a l  f i e l d  are t h a t  1) t h e  band of upward motion over 

no r theas t  New Mexico i n t o  Colorado and no r theas t  Kansas which appeared 

i n  t h e  kinematic f i e l d  are r e s to red  with decreased magnitude, 2) a l a r g e  

region of subsidence is  present  over t h e  Midwest with cen te r s  i n  

southern Iowa and t h e  southeast  corner of Oklahoma, and 3 )  a band of 

upward motion expanses eastern Texas and through t h e  southern 

Miss i ss ippi  Valley s t a t e s .  Maxima are  present  in eas t e rn  Texas and 

northern Mississ ippi .  The layer a t  150 mb is q u i t e  s t ab le .  

Consequently, the  ad iaba t i c  es t imate  dominates and t h e  v a r i a t i o n a l  f i e l d  

i s  approximately the  same as the  ad iaba t ic  f i e l d .  

The p r e c i p i t a t i o n  echoes from the 11352 r ada r  summary are t raced  

onto t h e  v a r i a t i o n a l  ve loc i ty  f i e l d  a t  450 mb. From these  echoes l i g h t  

and s c a t t e r e d  r a i n  showers through Kansas and Arkansas, and r a i n  showers 

i n  c e n t r a l  N e w  Mexico can be detected. A small  loca l ized  thunderstorm 

with 11 km cloud tops appears a t  the  Texas-Louisiana border. 

The kinematic v e r t i c a l  motion f i e l d s  f o r  182 are displayed in 

Fig. 4 . 7 .  A t  450 mb, an intense m a x i m u m  ( g r e a t e r  than 14 c d s )  i s  

posi t ioned over no r theas t  New Mexico. The scenar io  f o r  most of t h e  

western regions of t h e  g r i d  and t h e  P la ins  s t a t e s  i s  r i s i n g  motion wi th  

a cu t  of f  minimum in  west c e n t r a l  Texas. Sinking motion is  organized i n  

I 

I 
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a> 

b) 

Fig. 4.6 .  Vertical ve loc i ty  f i e l d s  ( 4 s )  for 122 10 A p r i l  1979 
calculated by the variational algorithm at  a)  150 mb and b) 
450 mb. In b) ,  bold l i n e s  indicate precipitat ion echoes 

contour. 
taken from radar summary and dashed l i n e  i s  l'r2 =lo O 
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a band reaching from Arkansas i n t o  the Midwestern states. A t  150 mb, 

two maxima of upward motion are noticed. One center  is over northern 

New Mexico with a magnitude g rea t e r  than 20 cm/s and another i s  over 

southwest Missouri with a magnitude g rea t e r  than 10 cm/s. A band of 

subsidence having a values  less than -6 cm/s s t r e t c h e s  through southern 

Oklahoma and western Texas. 

Features of t he  ad iaba t ic  estimation shown in Fig. 4.8 include 

upward motion j u s t  south of the  Red River Valley and i n  eas t e rn  

Louisiana. Sinking motion is found a t  t h e  Texas panhandle, a t  t h e  

Texas-Arkansas border, and in  a band extending through Iowa, Missouri 

and northern Arkansas. The 150 mb leve l  shows mostly weak upward motion 

located i n  t h e  southwest s ec t ion  of the g r i d  with the  exception of an 

area i n  western Texas. The northern region of t he  g r i d  genera l ly  

exh ib i t s  s inking motion with an extreme i n  nor theas t  Arkansas. 

The f i e l d  of weighting funct ion for  183 i s  displayed i n  Fig. 4.9. 

As before,  negat ive areas ind ica t e  g rea t e r  inf luence by the  O'Brien 

corrected hor izonta l  divergences and pos i t ive  areas are loca t ions  of 

ad iaba t i c  influence.  This f i e l d  shows t h a t  almost t h e  entire g r id ,  

except f o r  a small a rea  i n  Alabama and Mississ ippi  which i s  outs ide  t h e  

data-r ich region, gives  more weight t o  the  adjusted divergences. I n  

Fig. 4.10, t he  cont r ibu t ing  f a c t o r s  t o  the weighting f a c t o r  a t  450 mb 

are shown. The s t a b i l i t y  f i e l d  of Fig. 4.10a includes a l a rge  region i n  

west c e n t r a l  Texas and a smaller region a t  the Oklahoma-Arkansas border 

%.h' "k 
A L h  are areas  of near nai i t ra l  lapee rate .  In these regioi~e, kiiisiiiatie 

v e r t i c a l  v e l o c i t i e s  are accorded t h e  la rger  weighting. Cold cloud tops 

seen in t he  GOES i n f r a r sd  image, Fig. 4.11, are supported with 

s u f f i c i e n t  moisture a t  450 mb i n  t h e  locat ions of northern New Mexico, 
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Fig. 4.7. Vertical ve loc i ty  f i e l d s  (cm/s> for 1&2 10 A p r i l  1979 
calculated ‘by the O’Brien adjusted kinematic method a t  a> 
150 mb and b) 450 mb. 

Vertical ve loc i ty  f i e l d s  (cm/s> for 1&2 10 A p r i l  1979 
calculated ‘by the O’Brien adjusted kinematic method a t  a> 
150 mb and b) 450 mb. 
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Fig. 4.8. Vertical velocity f ie lds  (cm/s) for 182 10 A p r i l  1979 
by the adiabatic method a t  a)  150 mb and b) 450 calculated 

mb . 
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F i g .  4.9. F i e l d  of log(r2) for 182 10 April 1979 at  450 mb. 
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Fig. 4.10. F i e l d s  of a )  s t a t i c  s tab i l i ty  parameter (K/layer) and b) 
w i t h  re lat ive  humidity for 18t 10 A p r i l  1979 a t  450 clouds 

mb . 
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F i g .  4.5 .  GOES i n f r a r e d  image for 12302 10 A p r i l  1979.  
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Colorado, and southwestern Wyoming, of southern Louisiana, and of 

Indiana and cen t r a l  Kentucky . 
The r e s u l t i n g  v a r i a t i o n a l  r e s u l t  i e  found i n  Fig. 4.12. Again, the  

contour of equal weighting i s  t raced onto the  v e r t i c a l  motion f i e l d  a t  

450 mb. The weighting func t ion  has designated t h e  kinematic method t o  

rece ive  t h e  g r e a t e r  inf luence in most of t h e  gr id .  Therefore, t he  

v e r t i c a l  motion pa t t e rns  a t  450 mb are pr imari ly  r e f l e c t i o n s  of t h e  

kinematic es t imate ,  but with a l t e r e d  magnitudes. Some of t h e  ad iaba t i c  

v e r t i c a l  v e l o c i t i e s ,  associated with strong thermal advection, have 

contr ibuted t o  t h e  v e r t i c a l  motions over Texas t o  organize a band of 

r i s i n g  motion observed t o  extend from northern New Mexico and bend 

through t h e  Red River V a l l e y  area and w e l l  i n t o  Louisiana and t h e  

Southeastern states. The magnitude over New Mexico has been reduced 

while t he  magnitude Over w e s t  Texae and Louisiana has  been s l i g h t l y  

increased. A t  150 mb, t he  s t a b i l i t y  i s  again l a rge  so t h a t  near ly  t o t a l  

inf luence This g r e a t l y  reduces t h e  

magnitude of t he  v e r t i c a l  ve loc i ty  in the s t ra tosphere  in comparison 

with the  kinematic v e r t i c a l  v e l o c i t i e s  in Fig. 4.7. 

i s  given t o  t h e  ad iaba t ic  estimate. 

A s  before,  the  p r e c i p i t a t i o n  echoee from t h e  radar  summary of 17352 

a r e  noted on the  v a r i a t i o n a l  v e r t i c a l  motion f i e l d  a t  450 mb. Some 

development and i n t e n s i f i c a t i o n  has  occurred. Main f e a t u r e s  include a 

region of thunderstorms with about 16 km cloud tops present  over t he  Red 

River V a l l e y ,  and a region of less severe a c t i v i t y  in c e n t r a l  N e w  

Mexico. By 18352 (not  s l i m ) ,  these two 6ystsru~  have merged i n  a b e d  

of p r e c i p i t a t i o n  echoes extending across the  Texas panhandle and 

northern Texas. Other p rec ip i t a t ion  areas of 17352 are located in 



Fig. 4.12. Vertical ve loc i ty  f i e l d s  (cm/e) for 18z 10 &-il 1979 
calculated by the variational algorithm at a) 150 mb and b) 
450 mb. In b) ,  bold l i n e s  indicate precipitat ion echoes 
taken from' radar summary and dashed l i n e  i s  n2 =lo" 
contour. 
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I 

Tennessee, Kentucky, eas te rn  Nebraska and Kansas, and southwest Louisana 

and southeast  Texas. 

S t i l l  within t h e  period of severe storm a c t i v i t y  are the  v e r t i c a l  

motion f i e l d s  a t  OZ. The kinematic v e r t i c a l  ve loc i ty  f i e l d  a t  450 mb i s  

shown i n  Fig. 4.13. I t  d isp lays  a large upward motion region with a 

maximum grea te r  than 22 cm/s Over northern Oklahoma and southern Kansas. 

Subsidence is found over much of ea s t e rn  Texas and most of t h e  

Midwestern states. A t  150 mb, Fig.  4.13a, l a rge  magnitudes of v e r t i c a l  

ve loc i ty  ex i s t .  The g r e a t e s t  sinking center  i s  over t he  Red River 

Valley with a value of about -20 cm/s, and t h e  l a r g e s t  r i s i n g  center  is 

over northern New Mexico with a value g r e a t e r  than 18 cm/s. 

The ad iaba t i c  f i e l d  displayed i n  Fig. 4.14 shows l a rge  centers  of 

a l t e r n a t i n g  s ign over Texas, Oklahoma, and Missouri  a t  450 mb. This is  

due t o  s t rong temperature advection occurring with l i t t l e  or no 

compensating temperature tendency and a l s o  t o  d i a b a t i c  processes within 

t h e  massive area of convective cloudiness over Oklahoma. By 150 mb, 

weak upward motion i s  not iced  over much of t h e  domain except over 

c e n t r a l  Texas and western Tennessee. 

The p lo t  of weighting fac tor  appears i n  Fig. 4.15. The 

corresponding cont r ibu tors  t o  t h i s  f i e l d  are shown h Fig. 4.16. 

Because much of the  northwestern, cen t r a l ,  and southwestern a reas  of the  

domain could be e f f ec t ed  by d iaba t ic  processes and because near ly  

n e u t r a l  lapse r a t e s  e x i s t  i n  eastern Texas, c e n t r a l  Colorado and 

I l l i n o i s ,  t h e  r e s u l t i n g  ver t ical .  ve loc i ty  pa t t e rn  i s  heavily h f l u e n c e d  

by t h e  corrected hor izonta l  divergences. The only exceptions are small 

areas located i n  southwestern Texas and i n  northern Alabama and eas t e rn  

Tennessee. The GOES i n f r a red  image i n  Fig. 4.17 shows a l a rge  cloud 
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Fig. 4.13. Vertical velocity f i e l d s  ( c m / s )  for OZ 11 A p r i l  1979 
calculated by the O'Brien adjusted kinematic method a t  a )  
150 mb and b) 450 mb. 
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Fig. 4.14. Vertical velocity f i e l d s  (cm/s) for OZ 11 April 1979 
by the adiabatic method a t  a)  150 mb and b) 450 calculated 

mb . 
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F i g .  4.15. Field of log(n2) for 02 11 April 1979 a t  450 mb. 



Fig. 4.16. F i e l d s  of a )  s t a t i c  s tab i l i ty  parameter (K/layer) and b) 
re la t ive  humidity for OZ 11 April 1979 a t  450 clouds 

mb . with 
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F i g .  4.11. GOES infrared image for 18002 10 April 1979. 
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mass present  over much of Oklahoma and Kansas. The r e l a t i v e  humidity 

ind ica t e s  t h a t  s u f f i c i e n t  moisture e x i s t s  a t  450 mb f o r  only t h e  

northern port ion of the  cloud mass. This may occur because the  

r e so lu t ion  of t he  r e l a t i v e  humidity data may not  be f i n e  enough t o  

de t ec t  moisture  over t h e  Red River Valley where s t rong thunderstorms are 

known t o  be present  a t  t h i s  t i m e .  

Shown i n  Fig. 4.18 are t h e  va r i a t iona l  f i e l d s  f o r  OZ. Again, a t  

450 mb, the  contour depict ing near ly  equal weight of t he  two methods is  

t raced on t h e  f i e l d .  Since t h i s  time period is dominated by deep 

cloudiness and moist  conditions,  t h e  kinematic estimate tends t o  cont ro l  

t h e  v a r i a t i o n a l  r e s u l t  a t  t h i s  level .  One major f e a t u r e  t h a t  t he  

ad iaba t i c  es t imate  contr ibuted is  t h e  increased magnitude of s inking 

motion over cen t r a l  Texas. The ad iaba t ic  estimate receives  g r e a t e r  

weight than the  hor izonta l  divergence a t  150 mb. This i s  s t i l l  due t o  

t h e  very s t a b l e  condi t ions a t  t h i s  layer.  

By 6 2 ,  most of t he  severe weather had diminished. The kinematic 

estimate, in Fig. 4.19, shows an intense band of r i s i n g  motion a t  450 

mb. This band extends over cen t r a l  Texas, c e n t r a l  Oklahoma, Missouri, 

and Kansas. A t  150 mb, very s t rong centers  with magnitudes g rea t e r  than 

3 4  cm/s are present.  

Presented i n  Fig. 4.20 are the ad iaba t i c  v e r t i c a l  ve loc i ty  

estimates f o r  62. The ad iaba t ic  f i e l d  a t  450 mb has l a rge  cen te r s  with 

a l t e r n a t i n g  s ign  similar t o  t h e  OZ f i e l d .  Again, t h i s  r e s u l t s  from 

strong temperature advection w i t h  l i t t l e  compensating temperature 

tendency and may a l s o  be associated with s t rong d i a b a t i c  processes a t  

t h e  tops of s t rong thunderstorms over Texas and Oklahoma. A t  150 mb, 

much of Texas i s  experiencing downward motion, and over southwestern 
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Fig. 4.18. Vertical ve loc i ty  f i e l d s  (cm/s) for OZ 11 A p r i l  1979 
calculated by the variat ional  algorithm a t  a)  150 mb and b) 
450 mb. In b ) ,  bold lines indicate precipitat ion echoes 
taken from radar summary and dashed line i s  m2 =104 
contour. 
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Fig .  4.19. Vertical ve loc i ty  f ie lds  (cm/s) for 62  11 A p r i l  1979 
calculated .by the O'Brien adjusted kinematic method a t  a)  
150 mb and b) 450 mb. 
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Fig. 4.20. Vertical ve loc i ty  f i e l d s  (cm/s) for 62 11 Apr i l  1979  
450 calculated by the  adiabatic method a t  a)  150 mb and b) 

mb . 
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Oklahoma and northern Miss i ss ippi  cen te r s  of r i s i n g  motion exist. 

However, due t o  the  increased s t a b i l i t y  of t he  lower s t ra tosphere ,  these 

v e l o c i t i e s  are much smaller than t h e  v e l o c i t i e s  obtained from t h e  

0' Brien kinematic method. 

A p l o t  of t he  weighting f a c t o r ,  IT2 , i s  displayed i n  Fig. 4.21. 

Fie lds  of t he  hor izonta l ly  varying, cont r ibu t ing  f a c t o r s  appear in 

Fig. 4.22. S t a b i l i t y  parameter shows only a small region of near  

n e u t r a l  lapse rates over southwestern Texas. The cloudiness  with 

r e l a t i v e  humidity exh ib i t s  t h a t  nearly the  e n t i r e  northern ha l f  t he  

g r i d  may be experiencing d i a b a t i c  heating or cooling. The GOES i n f r a red  

image i n  Fig. 4.23 shows an elongated cloud f ea tu re ,  but t he  r e l a t i v e  

humidity supports only t h e  northern por t ion  of t h i s  f e a t u r e  a t  450 mb. 

This is  perhaps caused by the  coarse r e so lu t ion  of t h e  r e l a t i v e  humidity 

da t a  which cannot d e t e c t  moist  regions of s c a l e  smaller than t h e  s t a t i o n  

spacing. 

of 

Because of t he  cloudiness  and moisture, t h e  v a r i a t i o n a l  f i e l d  a t  

450 mb, shown in Fig. 4.24, i s  control led pr imar i ly  by t h e  kinematic 

es t imate .  The band of upward motion i s  s t i l l  present ,  but  wi th  a l t e r e d  

magnitudes. As usual  a t  150 mb, Fig. 4.24a, t he  ad iaba t i c  estimate 

increases  i ts  cont r ibu t ion  and dominates the  v a r i a t i o n a l  r e s u l t .  

P r e c i p i t a t i o n  echoes from the  05352 r ada r  summary are t raced  on t h e  

450 mb v a r i a t i o n a l  r e s u l t .  A large region of p r e c i p i t a t i o n  i s  s t i l l  

present ,  but t he  i n t e n s i t y  of t h e  s y s t e m  is  decaying. 

B. Ve r t i ca l  Velocity Resul ts :  Ver t i ca l  P r o f i l e s  

Several  v e r t i c a l  ve loc i ty  p r o f i l e s  were developed f o r  t he  e n t i r e  

These p r o f i l e s  describe the  s t r u c t u r e  of t he  v e r t i c a l  wind case period. 
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F i g .  4.21. F i e l d  of log(TZ)  for 62  11 Apr i l  1 9 7 9  a t  450 mb. 
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Fig. 4.22. Fields of a) s t a t i c  s t a b i l i t y  parameter (K/layer) and b) 
450 clouds with re la t ive  humidity for 62 11 April 1979 

mb . a t  
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Fig. 4.23. GOES infrared image for 06002 11 April 1979. 
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Fig. 4.24. Vertical ve loc i ty  f i e lds  (cm/s) for 62 11 Apr i l  1979 
calculated by the variational algorithm a t  a)  150 mb and b) 
450 mb. In b ) ,  bold l i n e s  indicate precipitation echoes 
taken from tadar summary and dashed l i n e  i s  r2 =loo 
contour. 
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component with respect  t o  the  v e r t i c a l  coordinate .  The p r o f i l e s  of t he  

th ree  methods, O'Brien kinematic, ad i aba t i c ,  and v a r i a t i o n a l ,  are placed 

on the  same p l o t  so t h a t  they may be e a s i l y  compared. Adjacent t o  t h e  

v e r t i c a l  veloci ty  p r o f i l e  i s  t h e  p r o f i l e  f o r  t he  logarithm of t h e  

weighting function. Negative values  revea l  t h a t  the  O'Brien cor rec ted  

hor izonta l  divergences are receiving more weight, and p o s i t i v e  va lues  

show t h a t  the ad iaba t i c  estimate i s  accorded s t ronger  inf luence.  Four 

representa t ive  v e r t i c a l  ve loc i ty  p r o f i l e s  a r e  displayed i n  Figs. 4.25, 

4.26, 4.27, and 4.28. The loca t ions  of t h e  p r o f i l e s  are ind ica ted  on 

t h e  domain in Fig. 3.1. These a r e  se l ec t ed  because they exh ib i t  both 

t h e  pre-storm and storm environments, and because they provide 

observat ions t h a t  were no t  obvious from t h e  hor izonta l  f i e l d s  alone. 

The f i r s t  two p r o f i l e s  are f o r  122 10 A p r i l .  The p r o f i l e  in 

Fig. 4.25 is located in northern Kansas. A t  t h i s  t i m e  and loca t ion ,  

l i g h t  p rec ip i t a t ion  and cold cloud tops exist  as was demonstrated in 

Figs. 4.5 and 4.6.  This p l o t  shows t h a t  t h e  ad iaba t i c  and kinematic 

methods produce comparable estimates of v e r t i c a l  ve loc i ty  up t o  l e v e l  2 

(about 850 mb). The r e s u l t s  of t he  two methods then depar t  i n  t he  upper 

l e v e l s ,  varying no t  only i n  magnitude, but  a l s o  i n  sign. The 

v a r i a t i o n a l  r e s u l t  achieves a reasonable compromise between the  two 

methods, and above l e v e l  8 (250 mb) it c lose ly  follows t h e  ad iaba t i c  

estimate. The l a t t e r  avoids t h e  u n r e a l i s t i c a l l y  l a rge  kinematic 

estimates within the  highly s t a b l e  s t ra tosphere .  The p r o f i l e  of 

weighting funct ion shows t h a t  t h e  v a r i a t i o n a l  r e s u l t  agrees  with the  

amount of influence accorded t o  each method. 

The p r o f i l e  f o r  t he  same t i m e ,  but  located i n  c e n t r a l  Missouri, is 

found i n  Fig. 4.26. Again, l i g h t  p r e c i p i t a t i o n  and cold cloud top  
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temperatures were evidenced f o r  t h i s  loca t ion  in Figs. 4.5 and 4.6. 

Except f o r  l e v e l s  8 and 9 (250 mb and 150 mb, r e spec t ive ly ) ,  t he  

kinematic and ad iaba t i c  estimates are not d r a s t i c a l l y  d i f f e r e n t  as seen 

i n  t h e  aforementioned p r o f i l e .  From the p r o f i l e  of weighting funct ion,  

though, i t  can be observed t h a t  a t  leve ls  5 through 7 (550 mb through 

350 mb) t h a t  t he  v a r i a t i o n a l  result did n o t  i d e a l l y  respond t o  t h e  

weights. Instead,  the  v a r i a t i o n a l  v e r t i c a l  ve loc i ty  over-corrected f o r  

the  divergence magnitude r e s u l t i n g  i n  about a -3 c m / s  va lue  a t  l eve l  7 .  

Here the  ad iaba t i c  estimate suggests upward motion, where corrected 

kinematic divergence, represented by the s lope of t he  O’Brien kinematic 

p r o f i l e ,  demonstrates no change in  v e r t i c a l  motion f o r  t h a t  layer.  This 

discrepency may be a response of a three-dimensional coupling of t h e  

algori thm allowing information from surrounding g r i d  poin ts  t o  inf luence 

the  r e s u l t .  

The t h i r d  p r o f i l e ,  Fig.4.27, is  constructed f o r  1 8  10 Apri l  a t  

western Missouri. For t h i s  t i m e  and loca t ion ,  no p r e c i p i t a t i o n  echoes 

o r  co ld  cloud top  temperatures were found from Figs. 4.11 or 4.12. 

Between l e v e l s  4 and 8 (650 mb and 250 mb, r e spec t ive ly ) ,  t he  kinematic 

and ad iaba t i c  estimates produce very d i f f e r e n t  v e r t i c a l  ve loc i ty  

p ro f i l ea .  The response of the  va r i a t iona l  algorithm i s  t o  develop 

ve loc i ty  values  which o s c i l l a t e  around 0 cm/s. Below l e v e l  4, t h e  

v a r i a t i o n a l  r e s u l t  c lo se ly  parallels t h e  kinematic p r o f i l e  even though 

t h e  weightng func t ion  a t  l eve l  2 (850 mb) is d i c t a t i n g  more s t r eng th  t o  

t h e  ad iaba t i c  estimate. This again may be caused from information of 

surrounding g r i d  poin ts  being t ransfer red  i n t o  the  r e s u l t .  Levels 8 and 

above l a rge ly  have inf luence from the a d i a b a t i c  method producing s m a l l  

magnitudes of v e r t i c a l  motion. This i s  a d e s i r a b l e  r e s u l t  since small 
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v e r t i c a l  v e l o c i t i e s  should be expected i n  the  highly s t a b l e  

s t ra tosphere .  

In Fig. 4.28 is  t h e  p r o f i l e  f o r  OZ 11 Apri l  a t  northern Oklahoma. 

A t  t h i s  t i m e  and loca t ion ,  a la rge ,  deep cloud mass i s  present  as seen 

from t h e  GOES in f r a red  image (Fig. 4.17). Since d i a b a t i c  processes are 

l i k e l y  here,  t he  kinematic method is considered more phys ica l ly  

acceptable .  This is  r e f l e c t e d  i n  the p r o f i l e  of weighting func t ion  

because near ly  entire weight i s  given t o  t h e  O'Brien cor rec ted  

divergence except f o r  l e v e l s  8 (250 mb) and above which g ive  primary 

weight to  the  ad iaba t i c  estimate. Consequently, The v a r i a t i o n a l  r e s u l t  

p a r a l l e l s  the  kinematic r e s u l t  with only a s l i g h t  reduct ion of 

magnitude. Levels 8 and above reproduce the  ad iaba t i c  p r o f i l e  almost 

exac t ly .  Even with t h i s  reasonable r e s u l t ,  it can be seen t h a t  l e v e l s  2 

and 3 (850 mb and 750 mb, respec t ive ly)  have had some outs ide  inf luence.  

This is  probably again due t o  surrounding information creeping i n t o  t h e  

f i n a l  so lu t ion .  

Observations of t he  v e r t i c a l  p r o f i l e s  prompted f u r t h e r  

i nves t iga t ion  of t h e  theory which revealed t h a t  even though the  approach 

used f o r  t h i s  work i s  co r rec t ,  o ther  forms of t h e  so lu t ion  might prove 

t o  y i e l d  more favorable  r e s u l t s .  

For t h i s  study, Eq. 2.13 was used t o  so lve  f o r  v e r t i c a l  motion with 

a ho r i zon ta l ly  varying func t ion  descr ibing r2 . The v e r t i c a l  motion 

could n o t  be r e s to red  by the  adjustment because the  so lu t ion  of t he  

Lagrange m u l t i p l i e r  produced a s l i g h t l y  smoothed adjiiatment f i e l d .  

Also, t he  so lu t ion  of involved d iv is ion  by r2 When t h e  value of 

became q u i t e  small, t he  r e s u l t  became unreasonably la rge ,  where 

had been smoothed across  t h e  sharp gradien ts  of r2 . I t  was f o r  t h i s  
r2 
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reason t h a t  the  weighting func t ion  was smoothed before  incorporat ing it 

i n t o  t h e  algorithm. 

Another method t r i e d ,  but  no t  presented here ,  was  t o  use Eq. 2.16 

t o  so lve  f o r  t he  v e r t i c a l  veloci ty .  Problems occurred when IT became 

very small and t h e  adjustment term dominated t h e  so lu t ion .  To a l l e v i a t e  

t h i s ,  r2 was normalized so t h a t  a l l  hor izonta l  v a r i a t i o n  wa8 

t r ans fe r r ed  t o  rl . This caused addi t iona l  d i f f i c u l t y  s ince  a l a rge  

va lue  of hor izonta l  g rad ien t  in T1 v i o l a t e d  s t a b i l i t y  c r i t e r i a  when 

solving f o r  t he  Lagrange mul t ip l i e r .  I t  w a s  determined t h a t  IT could 

vary by four  orders  of magnitude per  g r i d  space without v i o l a t i n g  

c r i t e r i a .  Another unfortunate  r e s u l t  was t h a t  the so lu t ion  of t h e  

Lagrange m u l t i p l i e r  smoothed the  adjustment f i e l d  according t o  the  

magnitude of t he  forc ing  funct ion,  Eq. 2.20. This could allow t h e  

v e r t i c a l  ve loc i ty  so lu t ion  t o  be influenced by neighboring pointe .  

2 

1 



CHAPTER V 

DL S CU S S I ON 

A v e r t i c a l  v e l s c i t y  algorithm was developed which blended t h e  

kinematic and ad iaba t i c  methods. Since the  two techniques possess 

complimentary s t r eng th  and weaknesses, it was des i r eab le  t o  combine t h e  

methods such t h a t  t he  s t r eng ths  of each method were b u i l t  i n t o  t h e  

algori thm and t h e  weaknesses were minimized. This blending was 

accomplished by the  use of numerical v a r i a t i o n a l  ana lys i s .  This 

a lgori thm was t e s t ed  using t h e  AVE-SESAME I da ta  s e t .  

Two cons t i tuents  which determined t h e  v a r i a t i o n a l  r e s u l t s  were t h e  

divergences of t he  adjusted hor izonta l  wind which when v e r t i c a l l y  

in tegra ted  y i e l d  the  O'Brien kinematic v e r t i c a l  ve loc i ty  and t h e  

a d i a b a t i c  es t imate  of v e r t i c a l  motion. To ass ign  t h e  cont r ibu t ion  of 

each quant i ty ,  a weighting func t ion  was constructed.  Criteria were 

determined so t h a t  more inf luence was given t o  t h a t  f a c t o r  which b e t t e r  

agreed w i t h  physical  processes.  Spec i f i ca l ly ,  O'Brien kinematic 

divergence values  were given g r e a t e r  inf luence i n  regions of d i a b a t i c  

heat ing and of near  n e u t r a l  s t a b i l i t y .  Conversely, the  ad iaba t i c  va lue  

received s t ronger  inf h e n c e  i n  c l e a r  or s t a b l e  regions.  

Resul ts  showed t h a t  t he  v a r i a t i o n a l  r e s u l t  i n  most cases  succeeded 

i n  f ind ing  a compromise between the  two techniques. A triumph of t h e  

v a r i a t i o n a l  algorithm was permit t ing t h e  ad iaba t i c  method t o  dominate 

near  or above t h e  tropopause. Since t h i s  lower s t r a tophe r i c  region i s  

very s t a b l e ,  near  zero values  of v e r t i c a l  ve loc i ty  are expected. The 

weighting funct ion responded t o  t h e  l a rge  values  of s t a t i c  s t a b i l i t y  

parameter i n  t h i s  l aye r  and caused t h e  ad iaba t i c  es t imates  t o  have 
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primary This is a des i r ab le  r e s u l t  

s ince ,  i n  t h i s  l aye r ,  O'Brien corrected kinematic va lues  are typ ica l ly  

much l a r g e r  than t h e  ad iaba t i c  values. Hence, t he  v a r i a t i o n a l  a lgori thm 

has allowed a thermodynamic property of the  atmosphere, s t a t i c  

s t a b i l i t y ,  t o  determine a more reasonable v e r t i c a l  ve loc i ty  estimate. 

weight i n  t h e  v a r i a t i o n a l  solut ion.  

Some problems were encountered i n  solving f o r  the  v a r i a t i o n a l  

v e r t i c a l  motion estimate. These are of both a meteorological and a 

numerical nature .  

A meteorological d i f f i c u l t y  i s  t h a t  the  r e so lu t ion  of t he  

rawinsonde r e l a t i v e  humidity soundings i s  very coarse.  Therefore, the  

moisture  c r i t e r i a  of t h e  weighting funct ion may s u f f e r  i f  small-scale 

f e a t u r e s ,  such as cumulonimbus towers pene t ra t ing  a dry layer ,  cannot be 

detected.  This leads  t o  a f u r t h e r  d i f f i c u l t y .  The ad iaba t i c  method 

produces a "point" estimate of v e r t i c a l  motion, while the  kinematic 

method y i e lds  an area-averaged value. Again, i f  small-scale convection 

is  n o t  resolved, t he  two methods can produce estimates of d i f f e r i n g  

magnitude and sign. Therefore, i n  areas  where small-scale convection i s  

suspected, f u r t h e r  da t a  may be required t o  provide a reasonable 

v a r i a t i o n a l  r e s u l t .  

In some cases ,  the  va r i a t iona l  algorithm appeared t o  e i t h e r  

over-correct t h e  f i n a l  v e r t i c a l  ve loc i ty  o r  t o  no t  allow the  appropr ia te  

method t o  cont ro l  the  r e s u l t .  This is a numerical problem which may be 

due t o  information from surrounding g r i d  poin ts  being t r ans fe r r ed  i n t o  

t h e  v a r i a t i o n  so lu t ion .  

Other numerical problems concern the  weighting funct ion.  With some 

add i t iona l  inves t iga t ion ,  it was discovered t h a t  sharp g rad ien t s  and 

c e r t a i n  magnitudes of the  weighting func t ion  could provide some 

I 
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undesireable r e s u l t s  i n  the  adjustment f i e l d .  

d i f f i c u l t i e s  have not  y e t  yielded s a t i s f a c t o r y  r e s u l t s .  

Attempts t o  co r rec t  these  

In conclusion, the  v a r i a t i o n a l  v e r t i c a l  ve loc i ty  a lgori thm has 

combined two commonly used techniques,  t h e  kinematic and ad iaba t i c  

methods. This algori thm at tempts  t o  blend t h e  s t r eng ths  of these  

methods, while minimizing t h e i r  weaknesses. Since v e r t i c a l  v e l o c i t i e s  

are no t  e a s i l y  o r  r e l i a b l y  measured, "ground t ru th"  of t h i s  quan t i ty  i s  

unknown. In most cases  t h e  algori thm produced v e r t i c a l  motion f i e l d s  

which were reasonable with regard t o  preva i l ing  weather condi t ions.  
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APPENDIX A 

EXAMPLE OF DIVERGENCE CALCULATION FOR ANALYTIC FIELD 

A s  mentioned by Chien and Smith (1973)  and Goodin e t  a1 (1979) t h e  

kinematic method i s  very s e n s i t i v e  t o  the scheme chosen t o  approximate 

the  hor izonta l  divergence f i e l d .  Belt and Fuelberg (1982) introduced 

random e r r o r  i n t o  a mesoscale da t a  set  p r i o r  t o  computations of 

kinematic q u a n t i t i e s .  Their r e s u l t s  revealed t h a t  t h e  divergence f i e l d  

suf fered  g r e a t e s t  from these  random er rors .  

To demonstrate t h a t  spurious divergence va lues  are introduced by 

numerical procedures, a non-divergent, a n a l y t i c  stream funct ion  i s  

employed. This non-dimensionalized funct ion i s  descr ibed on a Cartesian 

g r i d  by 

$ = By + Ae-a (A.1) 

2 where a = ~ ( x - x , , ) ~  + b(y-yo) 

The q u a n t i t i e s  A, B, a, and b are constants ,  and x,, and yo are the  

coordinates  of t he  center  of t h e  grid.  This stream funct ion  is  

presented in Fig. A . l  

The u- and v-components of horizontal  ve loc i ty  are determined from 

d i f f e r e n t i a t i n g  t h e  stream function. These expressions f o r  a Cartesian 

g r i d  a r e  

-a 
= = -B + 2bA(y-yo)e 

aY 

-a v = a$/,, = -2aA(x-x,)e 
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1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

Fig. A . 1 .  Plot of non-divergent, analytic stream function ( s o l i d  
l i n e s ) .  Dashed l i n e s  are corresponding isotachs. A l l  
values are non-dimensionalized. 
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For t h e  work presented here, a square g r i d  i s  chosen t o  be t h i r t y  

g r i d  space u n i t s  (gsu)  on each s ide .  The values  f o r  t he  constants  are 

se lec ted  as follows i n  Table A.1. 

A B a b 

-166 .7 -10.0 0.03125 0.03125 1 5  15  

Table A.1. Non-dimensionalized constants  f o r  ana ly t i c  stream function. 

These constants  are se lec ted  such t h a t  the dis turbance i n  the  $ f i e l d  

appears in t h e  center  of t he  g r i d  and has a half-wavelength of about ten 

gsu. Also, t he  extrema in t h e  v f i e l d  a r e  posi t ioned a t  four  gsu from 

e i t h e r  s i d e  of t h e  orgin and have a magnitude of about 25. Last ly ,  t he  

u values  approach 10 i n f i n i t e l y  f a r  from the  or ig in .  

Divergence of t h e  horizontal  ve loc i ty  f i e l d  i s  approximated by 

using a second-order, f i n i t e  d i f fe rence  scheme on a staggered g r id .  

Thie g r i d  is shown i n  Pig. A.2. Since the  given ana ly t i c  f i e l d  i s  

non-divergent, t h e  values  ca lcu la ted  with t h e  f i n i t e  d i f fe rence  scheme 

are ac tua l ly  t h e  t runca t ion  e r r o r  of t h e  scheme. I f  t h i s  non-zero value 

of divergence i s  assumed t o  ex is t  throughout a l aye r  in t h e  atmosphere, 

then from the  conservation of mass pr inc ip le ,  a corresponding v e r t i c a l  

component of motion must be present. Hence, erroneous values  of 

v e r t i c a l  motion can be introduced from the  use of a f i n i t e  d i f f e rence  

scheme t o  ca l cu la t e  divergence. 

The r e s u l t  of ob jec t ive ly  analyzing @ ,  u, and v f i e l d s  with a 

v a r i a t i o n  of t he  Barnes (1973) scheme is demonstrated. This scheme i s  

used t o  objec t ive ly  analyze observations onto a 30 gsu by 30 gsu gr id .  
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This vers ion involves an exponential weighting of t h e  twelve c loses t  

d a t a  po in t s  t o  perform the  analysis .  Spa t i a l ly  va r i ab le  r a d i i  of 

inf luence are used, and t h e  shape f a c t o r  of each weight func t ion  i s  

proport ional  t o  t h e  mean radius.  Two passes are conducted with the  

second pass r e t a in ing  the  same r a d i i  used in t h e  f i r s t  pass. 

Wavelengths less than two gsu a r e  suppressed. 

The da ta  points ,  o r  observations,  are provided i n  e i t h e r  a regular ,  

random, o r  non-random spacing. Smith and Leslie (1984) f ind  t h a t  

i r r e g u l a r  s t a t i o n  spacing i s  an important f ac to r  i n  determining the  

q u a l i t y  of an ob jec t ive  analysis .  With t h e i r  adaptat ion of Barnes 

scheme appl ied t o  an ana ly t i c  function, they discover t h a t  i r r egu la r  

s t a t i o n  spacing is a s i g n i f i c a n t  contr ibutor  t o  sho r t  wave v a r i a t i o n s  

and t o  t h e  generat ion of la rge  perturbations.  

From the  analyzed u and v f i e l d s ,  t h e  divergence f i e l d  is  

ca lcu la ted .  The same f i n i t e  d i f fe rence  scheme as before  i s  employed. 

Since i t  is c e r t a i n  t h a t  t h e  divergence f i e l d  i s  i d e n t i c a l l y  any zero,  

non-zero values  are due t o  t h e  da ta  in te rpola t ion  and f i n i t e  d i f fe rence  

approximations. In a l l  cases ,  t h i s  erroneous divergence is  assumed t o  

be constant  over a 1 km layer, and a corresponding w is  ca lcu la ted  from 

a hydros ta t ic  r e l a t ionsh ip .  

As a measure of t h e  inaccuracy i n  w for each case, t h e  root-mean-square 

(RMS) e r r o r  is determined as described by Glahn and Lowry (1972). 

. n  h r) 112 
RMSE = [" (yj - YjIL1 

"j=l 
(A.5) 

Here, n is  t h e  number of g r i d  points,  yj is t h e  ac tua l  quant i ty ,  and 

y. is t h e  ca lcu la ted  quant i ty .  
A 

J 



By performing these numerical manipulations on t h e  given stream 

funct ion,  e f f ec t s  of f i n i t e  d i f f e renc ing  and ob jec t ive ly  analyzing a 

d a t a  f i e l d  a re  demonstrated. Cases are run f o r  s i x  regularly-spaced 

da ta  meshes. The da ta  spacings range from 2 gsu (225 da ta  po in t s )  t o  8 

gsu (16 da t a  poin ts ) .  Only the  4 gsu da ta  spacing i s  displayed (case  

1). Four cases are run using a randomly-spaced da ta  mesh. Each case 

has a d i f f e r e n t  da t a  point  d i s t r i b u t i o n ,  but  each conta ins  20 points .  

Two cases a re  displayed i n  t h i s  work (cases  11 and 111). And, two cases  

a r e  shown using a da t a  mesh cons i s t ing  of 20 irregulary-spaced poin ts  

whose loca t ions  a r e  not  random (cases  IV and VI. 

The contoured p l o t  of t h e  non-divergent, a n a l y t i c  stream funct ion  

i n  Fig. A . l  Bhows a m i n i m u m  is  present  near t h e  cen te r  ( o r i g i n )  of t he  

f i e l d ,  and the f i e l d  i s  symmetric with respec t  t o  a v e r t i c a l  line 

(y-axis )  passing through the  or ig in .  I f  1 gsu is allowed t o  equal 100 

km, then t h e  units f o r  $J are m /E. 
2 

Appearing i n  Figs. A.3 and A.4  are contoured p l o t s  of $ a f t e r  the  

ob jec t ive  analysis scheme i s  performed. Fig. A.3a uses  a 

regularly-spaced (4 gsu spacing) da t a  mesh cons is t ing  of 6 4  d a t a  poin ts .  

Figs.  A.3b A.3c use randomly-spaced d a t a  meshes each made up of 20 

poin ts .  Figs. A.4a and A.4b employ a non-random mesh which loca te s  12 

d a t a  po in t s  near  t h e  edges of t h e  g r i d  and concentrates  8 da ta  po in t s  i n  

the  regions of t he  center  and s t ronges t  grad ien t ,  respec t ive ly .  

and 

The object ive ana lys i s  produced from the  regularly-spaced da ta  

mesh, Fig.  A.3a, shows an exce l l en t  r ec rea t ion  of t h e  Q contour 

pa t t e rn .  The symmetry is maintained, but t he  magnitude of t he  m i n i m u m  

has been reduced by about 6% and t h e  contours have been s l i g h t l y  

d i s t o r t e d  near t he  corners .  Achtmeier  ( 1 9 S a )  has  discussed the 
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I 

impacts of boundaries of a data f i e l d  upon in t e rpo la t ed  va lues  a t  t he  

g r i d  boundaries . 
The ob jec t ive  ana lys i s  of t h e  randomly-spaced da ta  poin ts ,  

Figs .  A.3b and A.3c, does no t  produce t h e  high qua l i t y  r e s u l t  as seen 

above. Here, the  contour p a t t e r n s  display a tilt and have l o s t  t h e i r  

symmetrical s t ruc tu re .  For both cases,  the  magnitude of t he  m i n i m u m  has 

decreased by about 12% t o  13%. 

The ob jec t ive  ana lys i s  of Fig. A.4a is  obtained from da ta  po in t s  

concentrated i n  the  cen te r  and nea r ly  r e s t o r e s  the  magnitude of t h e  cu t  

of f  minimum. The loca t ion  of t he  center  has been a l i g h t l y  t r ans l a t ed .  

The region of s t rong g rad ien t  is void of d a t a  poin ts ,  and gradien ts  have 

been i n t e n s i f i e d  i n  t h i s  region. The ana lys i s  done with data poin ts  

pos i t ioned  in the region of s t ronges t  grad ien t ,  Fig. A.4b, e x h i b i t s  no 

cu t  of f  m i n i m u m .  Instead a f i e l d  of wavy contours i s  produced with a 

reduct ion of grad ien t  i n t e n s i t y .  

Although no t  shown, r f i e l d s  were constructed f o r  each case. These 

f i e l d s  were ca lcu la ted  by using the analyzed u and v f i e l d s  and by 

applying a f i n i t e  d i f f e rence  scheme to approximate the  de r iva t ives .  

Recal l  t h a t  the  given stream funct ion is non-divergent so t h a t  according 

t o  mass con t inu i ty ,  w should be i d e n t i c a l l y  zero. 

A s  a measure of e r r o r  of t h e  J, and w f i e l d s ,  bar  c h a r t s  of RMS 

e r r o r  a r e  shown i n  Fig. A.5. For a gr id  spacing of 100 km, t h e  units of 

RMS e r r o r  f o r  JI are m2 /s and f o r  w a re  cm/s. 

Several  runs using a reguiary spaced data set, including case I, 

are displayed i n  Fig. A.5a. A s  expected, t h e  RMS e r r o r s  i n  JI f o r  a 

regularly-spaced da ta  mesh increase as the  da t a  dens i ty  decreases.  For 

the  randomly-spaced da ta  mesh and t h e  non-randomly-spaced da ta  mesh, t he  



Fig. A . 3 .  Results of the objectively analyzed stream function ( so l id  
l i n e s )  using a )  regularly-spaced data points and b) and c )  
20 randomly-spaced data point. Bullseyes indicate 
locations of data points and dashed lines are isotachs from 
objectively analyzed horizontal v e l o c i t i e s .  
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C '  ' ' ' ' ' ' ' ' ' Y  ' ' ' ' ' ' ' ' ' ' ' ' 7 '  ' ' '1 

I 
I 

Fig. A . 4 .  Results of objectively analyzed stream function ( so l id  
l ines )  using 20 non-randomly-spaced data points with a 
concentration of points a)  in the minima and b) in the 
region of strong gradient. Bullseyes and dashed lines as 
in Fig. A.3 ;  
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RMS e r r o r s  i n  J, appear i n  Fig. A.5b. These values  show t h a t  o the r  

f a c t o r s  such as da ta  d i s t r i b u t i o n  can be s i g n i f i c a n t  when performing an 

ob jec t ive  analysis .  

The RMS e r r o r s  in w f o r  regularly-spaced d a t a  meshes and 

randomly-spaced and non-randomly-spaced da ta  meshes d a t a  meshes are 

exhib i ted  in  Figs.  A.5c and A.5d, respec t ive ly .  Fig. A.5c shows t h a t  

t he  RMS e r ro r  values increase  as the  da t a  dens i ty  decreases,  except f o r  

t he  8 gsu mesh. Here, the  da t a  spacing has approached t h e  s i z e  of t he  

disturbance. Therefore, the  ob jec t ive  ana lys i s  scheme only r econs t ruc t s  

t h e  bas ic  s t a t e  zonal flow which is  constant  and non-divergent. 

In both f igu res ,  the  RMS e r r o r s  i n  w are s i g n i f i c a n t  with va lues  up 

t o  0.22 cm/s for a regularly-spaced g r i d  and up t o  0.9 cm/s f o r  a 

randomly-spaced g r id .  Considering t h e  w-fields f o r  each case,  extrema 

as l a r g e  a s  2 t o  3 cm/s are common. 
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APPENDIX B 

ERROR ANALYSIS OF THE ADIABATIC METHOD 

An e r r o r  ana lys i s  is  performed t o  determine the  mean square e r ro r ,  

Error  i n  

in 

o r  

t h i s  formulation i s  pr imari ly  due t o  the  use of measured 

e r r o r  var iance,  on w ca lcu la ted  from t h e  ad iaba t i c  method. 

q u a n t i t i e s  

t h e  ca lcu la t ion .  

The ca lcu la ted  r e s u l t ,  wc, i s  separated i n t o  two pa r t s :  ac tua l ,  wA, 

and e r r o r  1 we. 

where s i s  t h e  coordinate along a streamline,  h i s  a coordinate  

v e r t i c a l ,  

e r r o r  var iance (Neter e t  a1 , 1982) 

in t h e  

By d e f i n i t i o n  of and rd is t h e  dry adiabat ic  l apse  rate. 

1 " 2  
E2 = - cx 
X "  

t h e  form fo r  w is 

This expression i s  expanded and t h e  sums of c ross  products, whose 

are assumed t o  be uncorrelated,  are s e t  t o  0. 

terms 

This r e s u l t  i s  

2 
a s  , 2 ( B . 4 )  n aTe/at 2 + vA * aT/as)A 2 + aTe/ 

2 1  
W n E = - C [  

D e 
w i t h  

(B .5) 
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I f  t he  actual  lapse  rate i s  taken t o  be an average Over a layer ,  

then the  denominator can be fac tored  ou t s ide  of t h e  summation 

2 n n n 
2 P 1 "  [C aTe/at2 + c vA aTe/  + c ve aT/as)A2 + c ve2 aTe/as  I 
e as 

o r  w r i t t e n  i n  e r r o r  no ta t ion  as 

Now, consider each term indiv idua l ly .  

Here, t h e  sum of t h e  product of t he  temperature e r r o r s  is  assumed t o  be 

uncorrelated and the re fo re  equal t o  0. 

Again, t he  sum of the  product of temperature e r r o r s  i s  uncorrelated wi th  

t h e  added assumption t h a t  t he  mean squared ve loc i ty  i s  r ep resen ta t ive  of 

a layer .  

2 2  
Ve aT/ " E  E 

2 
E 

as  (B. 10) 

This assumption is  fashioned a f t e r  Godman'e (1962) r e s u l t s  with t h e  

a d d i t i o n a l  premise t h a t  t he  mean value of these  q u a n t i t i e s  is 0 .  The 

var iance  i n  the temperature grad ien t  is found using a l l  repor t ing  
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s t a t i o n s  at  a l l  t i m e  periods and employing t h e  following formula, 

2 1 aT 2 n 
E = - E (  

" i  

where t h e  subsc r ip t  i ind ica t e s  a given s t a t i o n  locat ion.  

The f i n a l  term is 

E 2 = EV 2 2  € = EV 2 2 " T e l  1 "  2 + Te2 2 - 2Te1Te2) 
v e aTe/as e aTe/,s e nAs 

(B.ll) 

(B.12) 2 2  = E 2  c- 
'e 8s2 Te 

Here, Godman's r e s u l t  i s  used along with t h e  assumption t h a t  t he  sum of 

t h e  product of temperature e r r o r s  i s  0. 

P(mb) 

100 
200 
3 00 
400 
500 
6 00 
7 00 
800 
900 

1000 

2.0 
3 .O 
3 .O 
2.6 
2 00 
1.5 
1.5 

1.5 
1.5 

1 a 5  

Table B.1. Root mean square e r r o r  ( W E )  of 
observed temperatures. 

The e r r o r  values  f o r  wind and temperature measurements with he ight  

are l i s t e d  i n  Table B.1. A value of 1 K  i s  s i t e d  by ( A i r  Weather 

Service,  1955) as a s u i t a b l e  estimate of temperature measurement e r r o r  

of rawinsondes . 
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